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ABSTRACT

This paper describes a CAE-based methodology used
to identify major factors influencing vehicle
structural performance and crash energy management
in full-frontal vehicle-to-vehicle collisions. Finite
element models of an "average” SUV and an
"average" full-size passenger vehicle were used in
this study. The determining factors of vehicle
compatibility in multi-vehicle collisions are relative
mass, relative stiffness and relative geometry. Four
parameters of the average SUV, mass, fore rall
length, fore rail thickness, and fore rail height were
selected as design variables. A uniformly spaced
Optimal Latin Hypercube sampling technique was
employed to probe the design space of these variables
using thirteen simulation runs.

Dash intrusions in the passenger vehicle and the
absorbed collision energy in both vehicles were
selected as response variables. Polynomial response
surfaces were congtructed, based on the simulation
results, and found to fit the results well (R>= 0.98 for
dash intrusion and R?= 0.85 for absorbed energy). As
a result, prediction equations for maximum dash
intrusion and absorbed collision energy as a function
of the vehicle design variables were obtained. Results
indicated that aligning front-end structures
(specifically fore rail heights between impacted
vehicles) in vehicle-to-vehicle full-frontal collisions
has greater effect on reducing dash intrusions and
managing crash energy than mass and variables
associated with gtiffness. An optimal design solution
could aso be determined with the appropriate
introduction of constraint conditions.

INTRODUCTION

Vehicle compatibility has been investigated in many
studies using different approaches such as real-world
crash statigtics, crash testing and computer modeling.
Statistics from the General Estimates System (GES)
were used to determine the number of vehicle-to-
vehicle collisions [1]. One objective of these studies
was to identify and demonstrate the extent of the
problem of vehicle compatibility. Another objective
was to demonstrate, through satistical analysis, the
aggressivity metric as a function of vehicle mass,

gtiffness, and geometry. Other statistical analysis
such as that conducted by Evans [2,3] indicated that
mass is one of the most significant factors affecting
potential risk of occupant injury in vehicle-to-vehicle
collisions. His study indicated that the ratio of the
injury rate in alighter vehicle to that in a heavier one
can be expressed as the power function of the mass
ratio (of the heavier to the lighter vehicle). Accident
data in Japan and computer modeling techniques
were aso used by Mizuno and Kagzer [4] to
investigate the compatibility of mini cars in traffic
accidents. Barbat, et al. [5,6] also investigated factors
influencing  compatibility in  SUV/LTV-to-car
crashes. Their study proposed a robust and repeatable
vehicle-to-vehicle test procedure to help assess
vehicle compatibility, and their preliminary results
indicated that geometric compatibility was the
dominant factor.

In addition to occupant responses, attempts have been
made to characterize frontal crash performance with
structural responses (i.e,, occupant compartment
intrusions and energy distribution) [5-8] in vehicle-
to-vehicle collisions. Barbat, et al. [5,6] has shown
the importance of occupant compartment intrusions
in full-frontal SUV/LTV-to-car crashes. Steyer, et al.
[7] postulated that frontal crash compatibility was
dependent upon the distribution of collision energy
absorbed in vehicle-to-vehicle crashes.

The consensus is that the significant parameters
influencing compatibility in vehicle-to-vehicle
crashes are geometric interaction, vehicle stiffness
and vehicle mass. The effect of each individual
design parameter, however, is not clearly understood.
Separating the effects in various crash configurations
via experimentation would not only be costly and
time consuming, but aso would be susceptible to
systemic errors due to test-to-test variability. Because
of the limitations of the statistical approach and crash
testing, math modeling in combination with design of
experiments (DOE) methods was deemed necessary
to examine the influence of vehicle mass, stiffness,
structural interaction and geometry on vehicle
compatibility.

Finite element (FE) simulations have been used to
study many aspects of vehicle crashworthiness.
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Carefully designed experiments can characterize
responses over the entire design space using a
reduced number of simulations. The development of
a FE model-based DOE methodology focused on
discerning the effects of a few design variables on
structural intrusions in 40% offset, car-to-car
collisions has been previously presented by Brown, et
al. [8] Brown's work revealed some of the economies
of combining FE analysis and statistical techniques.
The current study, while fundamentally similar,
utilizes a deterministic approach that allowed
analytical prediction equations for structural
responses to be generated. This study combined FE
analysis, Latin Hyper Cube Sampling (LHS), and
subset selection with sequential replacement to
produce a powerful tool that may be used to
investigate vehicle compatibility issues. A full-
frontal, collinear, SUV-to-passenger vehicle crash
configuration (See Figure 1) was used in this study.
This technique can also be extended to various crash
configurations other than the one used in this study.

Figure 1. Basdinemode of SUV-to-passenger
vehicle full-frontal crash smulation.

SYSTEM SETUP

Finite Element M odeling

Reliable finite element models of the vehicles are
required to enable reasonable predictions of structural
performance. In this study, full-vehicle finite element
models validated to rigid barrier tests were used for
the "average" SUV and the "average' passenger
vehilce. A baseline, full-frontal vehicle-to-vehicle FE
model was constructed by combining the two vehicle
models and it was correlated to a physical vehicle-to-
vehicle full-frontal crash test. Asin the physical test,
the simulated passenger vehicle was stationary and
the smulated SUV was given an initial velocity of 96
km/h.

Full-frontal, collinear SUV-to-passenger vehicle
simulations involve many complex and non-linear

interactions. The nonlinear, explicit FE crash code,
RADIOSS [9], was used for al of the simulations.
The appropriate selection of design variables and
their levels as well as, the pertinent system responses
are basic requirements.

Design Variable Selection

It is generally accepted that the determining factors
of vehicle compatibility are relative geometry,
relative stiffness and relative mass. All three factors
were considered here through four design variables,
the SUV fore rail height, fore rail length, fore rail
thickness, and mass. Geometric differences between
the SUV and the passenger vehicle were modeled as
relative vertical alignment between the fore-most
structural members in each vehicle. The SUV front-
end stiffness was separated into two design variables,
fore ral length and fore rail thickness. This
separation allows the effects of the design variables
to be interpreted independently and to be associated
with vehicle characteristics. For each design variable,
only the SUV portions of the FE modes were
changed to reflect the respective ranges. A brief
description of how the variables were introduced into
the FE models and the levels selected for the design
variables follows.

Geometry
The vertical aignment of load-bearing/energy-

absorbing structures was varied to allow geometric
effects to be observed. The relative vertical offsets
were accomplished by changing the ground reference
plane of the SUV with respect to that of the
passenger vehicle. The four discrete levels selected
are depicted in Figure 2.

BASELINE

h 509 OVERLAP

mcmmw ;

Figure 2. Geometric design variable
implementation.
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The BASELINE configuration, NO OVERLAP
between the fore rails, 50% OVERLAP of the
PASSENGER  VEHICLE fore ral, and
COINCIDENT FORE RAIL centerlines were
included in the study. The range of levels encompass
from a potentially overriding condition to an aligned
configuration.

Modeling the geometric changes in this manner shifts
the center of gravity height of the SUV. The effect
this amount of the shift would have on the overall
responses of the vehicles was considered minimal.

Stiffness

The relative stiffness was modeled with two design
variables, SUV fore rail length and SUV fore rail
thickness. The length of the fore rail was modeled at
four discrete levels, baseline (average SUV), +25
mm, +50 mm and +75 mm. Models associated with
each design level are shown in Figure 3. In addition
to adjusting the fore rail length, components such as
the bumper system, radiator, and light supports were
translated in the longitudinal direction by appropriate
amounts.

The second stiffness-related deign variable was the
SUV fore rail wall thickness. As with the two
previous design variables, the thickness was studied
at four distinct levels, baseling, -0.5 mm, -1.0 mm,
and +0.5 mm.

Mass Ratio

The final design variable studied was the ratio of the
SUV mass to the passenger vehicle mass, hereafter
referred to as mass ratio. In order to vary the mass
ratio, the SUV mass was adjusted by distributing
small masses throughout the model such that the
center of gravity location remained equivaent to the
BASELINE location. The mass of the SUV was
varied from BASELINE-20% to BASELINE+20% in
10% increments. The range approximately spans the
vehicle segments from small SUV to large SUV. The
corresponding mass ratios ranged from 0.9 to 1.38 in
five discrete levels (see Table 1). Since the initial
velocity of the SUV was the same for all simulations,
the velocity change (AV) experienced by each vehicle
varied with the mass ratio. Table 1 shows the AV's
experienced by the vehicles a the various mass
ratios. The velocity change is an indicator of the
crash severity commonly used for vehicle crashes.

-1 '
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Figure3. SUV forerail length.

Tablel.

Passenger Vehicle and SUV Velocity Changes
Mass Passenger SUV

Ratio Vehicle AV [km/h]

AV [km/h]

0.90 45.7 50.9

1.02 48.8 47.8

1.14 51.5 45.1

1.26 53.9 42.6

1.38 56.0 40.6

Table 2 contains a summary of the design variables
and their corresponding levels. The levels have been
associated with an integer representation (coded) for
simplicity.
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Table2.
Summary of Coded Design Variablesand Levels

Fore Rail Height

1= No overlap

2 = BASELINE
3 = 50% Overlap of PASSENGER VEHICLE fore
rail

4 = Coincident

ForeRail Length

1=BASELINE

2 =BASELINE + 25 mm
3 =BASELINE + 50 mm
4 = BASELINE + 75 mm

Fore Rail Thickness

1=BASELINE-1.0 mm
2 =BASELINE-0.5mm
3 =BASELINE

4 =BASELINE + 0.5 mm

M ass

1=BASELINE —20%
2=BASELINE —10%
3= BASELINE

4= BASELINE + 10%
5= BASELINE + 20%

System Responses

Occupant compartment intrusion is a metric, which is
used in comparative studies of vehicle crash
performance (e.g., the Insurance Ingtitute for
Highway Safety includes occupant compartment
intrusion in their evaluation of vehicles in a 64 km/h
40% offset deformable barrier crash test). In this
study, several passenger vehicle intrusions and the
vehicles' collision energy management were the
responses of interest (see Table 3).

The toe board intrusions were measured along the
driver and passenger centerline on the dash, 200 mm
up from the floor panel. The windshield intrusions
were taken at the intersection between the lower edge
of the windshield and the cowl at the windshield
centerline. The driver and passenger A-pillar
intrusions were monitored near the juncture between
the lower windshield, the A-pillar, and the cowl.
Bumper to rocker crush was taken as the relative
longitudinal displacement between the bumper beam

center and rocker at the B-pillar. The maximum dash
intrusion was captured from a vertical section along
the dash from the cowl to the floor through the driver
centerline. The intrusions were calculated as the
relative displacement between the point of interest
and a reference point located on the rocker at the B-
pillar.

Table3.
Selected Responses

Passenger Vehicle

Driver Toe board Intrusion
Driver A-pillar Intrusion
Lower Windshield Center Intrusion
Passenger A-pillar Intrusion
Passenger Toe board Intrusion
Bumper to Rocker Crush
Driver Centerline Dash Intrusion
Internal Energy Absorbed

Suv
Internal Energy Absorbed

The digribution of collison energy absorbed
between the vehicles was aso a response monitored
in this study. The internal energies absorbed that
were calculated from the FE simulations are reported.

EXPERIMENTAL DESIGN

The number of factors and levels included in this
study describe a sizable design space. Numerous
techniques exist for constructing experimental
designs that specify a minimal number of samples
throughout the design space to characterize the
responses [10,11]. Latin Hypercube Sampling was
utilized to select the design levels for the FE models
due to its ability to uniformly sample the design
space and its flexibility in the number of levels for
each design variable. Since no noise factors were
introduced into this study, the minimum number of
simulations to construct a reasonably accurate
response surface was 12 (3N where N is the number
of control factors). The outcome of the sampling
process is shown in Table 4. One additional run was
included in the matrix to represent the baseline
simulation that was correlated to a physical test. All
13 simulations were conducted for 150 ms.
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Table4.
Simulation Matrix

Fore
ForeRail Rail ForeRail
Height Length Thickness Mass
1 (Base
ling) 2 1 3 3
2 4 4 2 2
3 2 4 3 4
4 4 2 3 3
5 1 1 3 1
6 3 1 1 2
7 1 4 1 3
8 4 3 1 5
9 2 2 2 5
10 3 3 4 1
11 2 3 2 1
12 1 2 4 4
13 3 1 4 5

Finite Element Smulation Results

Table 5 contains the responses from the FE
simulations. All intrusion responses were normalized
with respect to the intrusions associated with the
baseline simulation. The energy absorbed in both
vehicles was computed and reported as the ratio of
the energy absorbed in the passenger vehicle to that
absorbed in the SUV. Response surfaces were created
to alow interpretation over the design space and
efficient (FE model-free) studies to be carried out.

Tableb.
Normalized Simulation Responses

Bunper Maxinum
Drive Wind Pssager Drive Pesssger To Deh IE
A-Rllar shidd A-Rllar Toeboard Toeboard Rocke  Intruson Ratio

1 1 1 1 1 1 1 26
041 031 047 063 078 081 043 15
117 128 131 117 119 09 116 23
064 040 068 07 08 08 051 18
059 071 071 120 08 095 0A 19
057 050 060 0B 077 08 05 17
070 108 097 12 098 107 10 18
111 068 08 08 078 100 0M 15
107 117 113 123 121 108 110 20
10077 054 071 047 08 08 051 25
1105 062 073 08 08 08 073 20
2126 133 13 13 111 14 128 27
13118 105 12 0% 11C 096 0% 24

00 ~NO O WN B

©

Response Surface Generation

The sample responses obtained from the FE
simulations (Table 5) were fit with quadratic
polynomials using regression based upon subset
selection by sequential replacement. Gu [11] showed
that for structural intrusions and internal energy
predictions in crash agpplications, quadratic
polynomials are often sufficient. The polynomial
basis of the equations allows the response surface
dependency on the design variables to be interpreted
by observation. Furthermore, the explicit form of the
response surfaces lends itself to a variety of design
studies (e.g., parameter sensitivity analysis or
optimization). The coefficient of determination,
referred to symbolically as R, is a measure of the
model's ability to fit the response data and was used
to identify the best-fit equations in the least squares
sense.

The response surfaces and R? values for the fit
polynomials are listed in Table 6. In the response
surface expressions, H is the SUV fore rail height, L
is the SUV fore rail length, T is the SUV fore rail
thickness, M is the mass ratio, and a-as, b;-bg, C1-Cg,
di-ds, and e;-e5 are the best fit coefficients. The R?
values shown in the table indicate that the response
surfaces are capable of representing the sampled FE
results.

Table®.
Response Surfaces and R?

Response Surface R

Driver Toeboard Intrusion
=a,-b,HM -¢c, T2+d, T +e, M |[gou

Drive A Pillar Intrusion
=a,+ b,M -¢c,TH -d,TM + e, T?|gg;

Windshield Intrusion
=a,-b,H?+c¢c, LT -d,M?+ e, M 0.99
Passenger A Pillar Intrusion
=a,+b, TM+c,LT-d,H>+e, M [gg7
Passenger Toeboard Intrusion

= a,-b,HM -c,T?+d,T + e, M 0.9
Bumper to Rocker Crush

=ag-bgTM +c;T-deH+e; M |gg
Maximum Dash Intrusion
=a,-b,H?+c, LM +d,T-e,LT]|oos
Energy Ratio

=a;+bygLM+cy T?-d;H*+ e;H |gg5
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response

ratio

Figure 5 compares FE-simulated and predicted
internal energy ratio responses for al runs previously

described. The internal energy
equation, the internal energy equations can be used to

equation accurately predicted the responses for the
additional runs. As with the maximum dash intrusion
study the design space without conducting additional
finite element simulations.

the predictive character of the response surfaces. This
step is not required in a rigorous mathematical sense,
but it was conducted because of the complex nature
of the crash mode. The parameters for these
additional simulations were selected randomly from

within the ranges of each design variable and the

Four additional FE simulations were run to confirm
levels are shown in Table 7.

Verification of Equations

30
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mass, the change in MDI due to changesin SUV fore
rail height is greater than the change in MDI dueto a
height. This is also apparent from the contours of

change in the mass ratio for a constant fore rail
MDI.

1 23 45 6 7 8 91011 12 13 14 15 16 17
Run Number
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Figure4. Normalized Passenger Vehicle
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Figure 6. Mass-geometry surface plot of
passenger vehicle maximum dash intrusion.

Figure 7 indicates that the MDI increases as the fore
rail thickness and mass ratio increases. However,
Figure 7 aso shows that for BASELINE fore rail
height and fore rail length, the fore rail thickness
effect on MDI is larger than the mass ratio effect.
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Figure 7. Mass-thickness surface plot of
passenger vehicle maximum dash intrusion.

Figure 8 shows the comparison of the geometric
effect to the thickness effect for BASELINE mass

ratio and SUV fore rail length. The inclination of the
surface indicates that the geometry effect is more
than the thickness effect for MDI.

Normalized M ax. Dash Intrusion
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Figure 8. Geometry-thickness surface plot of
passenger vehicle maximum dash intrusion.

The response surfaces in Figures 6 — 8 reveal that the
geometric factor, relative fore rail height, has a
greater effect than the relative mass and stiffness on
the passenger vehicle maximum dash intrusion.
These figures also showed that the thickness effect is
more prominent than the mass effect.

Pair-wise Comparison of Design Variable Effects
on Internal Energy Absorbed

Pair-wise comparisons of the effects of the design
variables for internal energy absorbed ratio (IEAR)
follow in Figures 9 through 11. Figures 9 and 10
contain comparisons of the mass ratio effect to the
geometric and thickness effects on the IEAR,
respectively. The geometric effect is compared to the
thickness effect in Figure 11.

Figure 9 shows that the geometric effect on IEAR is
much greater than the mass ratio effect. In fact, for
the ranges considered the mass effect on IEAR is
small (> 10%). For SUV fore rail height at level 1,
the IEAR is lower than at SUV fore rail height level
2. Two possible explanations for this are: 1)
structural components other than the fore rails of the
vehicles are interacting or 2) the IEAR prediction
equation is not accurate for this portion of the design
space.
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Figure 9. Geometry-mass surface plot of internal
ener gy absorbed ratio.

Figure 10 contains the comparison of the mass ratio
effect on IEAR to that of the SUV forerail thickness.
SUV fore rail thickness has a greater effect on IEAR
than the mass ratio.

Energy Ratio
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Figure 10. Mass-gtiffness surface plot of internal
ener gy absorbed ratio.

From Figure 11, the effects of SUV fore rail height
and thickness can be seen. For IEAR the SUV fore
rail height has a greater effect than thickness for SUV
fore rail height levels 2 and higher. The thickness
effect exceeds the height effect for the SUV fore rail
height level 1 (i.e, NO OVERLAP/SUV over-ride

condition). This switching of effect significance is
subject to the explanations issued for Figure 9.

Energy Ratio

m12-
| 2-2.

14 ®1416 01618 DO182
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Figure 11. Geometry-stiffness surface plot of
internal energy absorbed ratio.

RESPONSE OPTIMIZATION

Due to the predictive capability of the response
surfaces, optimization can be performed on this set of
surrogate models. The Safety Optimization and
Robustness (SOAR) methodology developed by
Yang, et a. [10] was the optimization technique
applied. The explicit form of the response surfaces
simplified the incorporation of the responses as
objective or condgraint functions. The objective
function could be any of the response surfaces, but
was chosen to minimize the passenger vehicle
maximum dash intrusion subject to the constraints
listed in Table 8. Since the optima configuration
depends on the constraint conditions, their
magnitudes were based on the FE-simulated
passenger vehicle responses taken from arigid, fixed
barrier (RFB) simulation a 56 km/h. That is, the
intrusions in the optimal vehicle-to-vehicle full
frontal simulation were limited to being no greater
than the passenger vehicle striking itself. Theinternal
energy ratio was restricted to being less than or equal
to the BASELINE full-frontal vehicle-to-vehicle
simulation.

A comparison of the optimized design to the
BASELINE design follows. Figure 12 shows the
comparison of passenger vehicle intrusions, and
Figure 13 shows the internal energy absorption ratios.
All intrusions into the passenger vehicle occupant
compartment were reduced by at least 35% when
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compared to the BASELINE simulation. The
distribution of absorbed energy between the SUV and
passenger vehicle was more balanced in the optimal
configuration. These structural metrics indicate that
this configuration (fore rail height = 4, fore rail
length = 1, fore rail thickness = 1, mass ratio = 1) is
more compatible for the full-frontal, collinear crash
mode. The SUV described by the optima
configuration was the lightest, least stiff, and most
aligned vehicle in the design space. This optimal
design is based on only this test mode. However, this
is a demonstration of the optimization technique
capability and the optimum design needs to be further
studied to ensure no degradation in self-protection.

Table8.
Constraint Conditions
Response Constraint
Driver A-pillar Intrusion < RFB
Windshield Low Intrusion < RFB
Passenger A-pillar Intrusion < RFB
Driver and Passenger Toe board
Intrusion <RFB
Bumper to Rocker Deformation < RFB
Internal Energy Ratio < BASELINE
@
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Figure 12. Passenger vehicle maximum dash
intruson —BASELINE vs. optimal.
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Figure 13. Internal energy absorbed.
SUMMARY

Validated finite element models of an "average" SUV
and an "average" passenger vehicle were used to
explore the effects of geometry, gtiffness and massin
full-frontal collinear vehicle-to-vehicle collisions.
Four design variables, the SUV fore rail height, fore
rail length, forerail thickness, and mass were chosen.
Since this study was focused on structurd
performance and did not investigate the relationship
between the dtructural responses and occupant
responses, only passenger vehicle intrusions and
vehicles collision energy absorbed were selected as
the responses.

A design of experiments methodology involving
Latin Hypercube sampling was employed to select
the appropriate number of simulations and the design
levels of each of the design variables that should be
incorporated in each simulation. The responses were
characterized by quadratic polynomial surfaces. This
characterization of the response surfaces could be
done with higher order polynomials or other
functions, but was not deemed necessary for this
study based on the findings of Gu [11]. Four
verification simulations showed that the response
surfaces were adequate to capture the responses.

Pair-wise comparisons of the effects of the design
variables were used to assess their individua
influence on maximum dash intrusion and absorbed
internal energy ratio. The pair-wise comparisons
were based on the response surfaces generated from
the 13 initial FE simulations. When a pair of design
variables was compared, the remaining design
variables were set to their BASELINE levels. In full-
frontal, collinear  SUV-to-passenger  vehicle
collisions, the relative geometric effect on maximum
dash intrusion was greater than the mass and
thickness effects. In addition, the thickness effect was
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greater than the mass effect for this response. The test
data of Barbat, et al. [5] aso showed that the
geometric effect was the most significant in full-
frontal, collinear SUV/LTV-to-car collisions.

For this crash mode and the constraints imposed on
the design, the optimal SUV vehicle configuration
based upon minimization of passenger vehicle
maximum dash intrusion had aigned fore ralls,
BASELINE mass — 20%, and BASELINE fore rail
thickness — 1.0 mm. This configuration represented
the best aligned, lightest, and least stiff SUV in the
study.

More importantly, the effect of reducing the front-
end stiffness of an SUV on self protection is not
investigated in this study. This effect may degrade
the structural and occupant performances in single
vehicle accidents. Therefore, compatibility is a fleet-
wide issue and design changes such as stiffness and
geometry may involve real-world tradeoffs.

The methodology described can be applied to other
crash configurations. In fact, several configurations
could be considered simultaneously using this
method.

CONCLUSIONS

= In full-frontal, collinear SUV-to-passenger
vehicle callisions, the relative geometric effect on
maximum dash intrusion was greater than the mass
and thickness effects.

»  The thickness effect was greater than the mass
effect on maximum dash intrusion.

= Quadratic polynomial surfaces can characterize
the structural intrusions for full-frontal, collinear
SUV-to-passenger vehicle collisions.

» The optimal SUV vehicle configuration based
upon minimization of passenger vehicle maximum
dash intrusion had aligned fore rails, BASELINE
mass — 20%, and BASELINE fore rail thickness —
1.0 mm.
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